Effects of T-and P-odd weak nucleon interaction in nuclei: 
I. INTRODUCTION
Spatial parity nonconserving weak interaction of nucleons is now subject for extensive experimental and theoretical investigations. In these studyings, quantitative comparison of experimental results and theoretical predictions is possible. Developments in experimental techniques and interpretations of the results thus obtained allow one to rise questions going far from the scope of theory of weak interaction [1] - [11] .
Much less is known, both in experimental and theoretical aspects, about the component of nucleon weak interaction that violates both spatial parity (P) and time reversal invariance (T) (T-,P-odd weak interaction). The problem of possible T-violation has been of interest for a long time [12] - [20] . In the context of nuclear physics, the T-,P-odd interaction, if exists, induces T-,P-odd nuclear moments [21] - [27] (electric dipole, magnetic quadrupole moments, "Schiff" moment etc). Experimental data exist only for upper limits of these quantities. At the same time, theoretical values of constants of this interaction are not unambiguously known, varying by several orders of magnitude from one model to another (see e.g., [23] , [27] ). In most cases, the scale of T-,P-odd interaction is predicted to be very small.
In this situation, possible sources of enhancement of the effects caused by this interaction, which allow experimental investigation, are crucial for the further studies of T-,P-odd interaction. Apparently, the compound nuclear resonances providing a large statistical enhancement of small perturbations, are very convenient in this case.
We are considering here the weak T-,P-odd nucleon interaction in nuclei beginning at the single-particle level. The effects of the residual strong interaction on the T-,P-odd potential was considered in Ref. [9] . In present work, we focus attention on renormalization of the two-body T-,P-odd interaction due to the residual strong interaction, which is important for description of the T-,P-odd effects in nuclear states at excitation energies near or lower than that of neutron separation threshold, B n . We have calculated mean squared T-,P-violating matrix elements between compound states and have considered possible correlations of these matrix elements with the matrix elements of P-odd, T-even weak interaction [8] .
The structure of the paper is following. In section II we consider T-,P-odd potential, acting on a nucleon that arises in mean field approximation for the initial two-body weak interaction. We calculate the single-particle matrix elements of this potential and discuss their properties in comparison with the single-particle matrix elements of P-odd, T-even weak interaction. In section III we consider renormalization of the T-,P-odd weak interaction by residual strong nucleon interaction. In section IV the equations of this renormalization are solved for the Landau-Migdal parametrization of the residual strong interaction and explicit analytical results for the effective two-body T-,P-odd weak interaction between the nucleons in heavy nuclei are derived. Numerical results are obtained for the matrix elements expressed through the constants of the initial weak interaction. It is shown that, in contrary to the case of P-odd, T-even weak interaction, renormalization due to strong interaction does not result in enhancement of matrix elements, though this renormalization is important for quantitative results.
In section V we calculate mean squared matrix elements of the P-,T-odd interaction between nuclear compound states of opposite parity within statistical model. Section VI is devoted to discussion of correlations of P-,T-odd and P-odd, T-even matrix elements between compound states. Calculation of the correlator in the statistical model yields the value about 10 per cent.
The results are summarized in section VII.
II. T-,P-ODD WEAK NUCLEON INTERACTION. T-,P-ODD POTENTIAL
The nuclear Hamiltonian H with account for the T-,P-odd weak interaction can be written in the form
Here, the first term H 0 = p 2 /2m + U S (r, σ) is the single particle Hamiltonian of the nucleons moving in the strong mean field U S (r, σ) including the spin-orbit interaction, V S stands for the residual two-body strong interaction (it will be considered in section IV), and W P,T describes P-,T-odd weak interaction between nucleons, F denotes other possible interactions, e.g., coupling to electromagnetic field. The two-body weak P-,T-odd interaction W P,T can be written as follows (see e.g. [22] , [23] ):
where G = 10 −5 m −2 is the Fermi constant, m is the nucleon mass, p and σ are the nucleon momentum and doubled spin respectively. Hereafter, a × b means exterior vector product, and {a, b} denotes anticommutator. The dimensionless constants η 1,2 , η ′ 1,2 which determine the scale of the T-,P-odd effects, are predicted to be very small, e.g., within Kobayashi-Maskawa model (see e.g., [22] , [23] , [26] ).
The analysis of the P-,T-odd effects in nuclei is similar to that in the case of the P-odd weak interaction (see e.g. [8] , [10] ). It is convenient to introduce P-,T-odd "weak potential" w P,T acting on a valence nucleon 1, that arises from summation W P,T (1, 2) over the states of the nucleon 2 (see , e.g. Ref. [23] ):
where ρ is the nucleon density, the dimensionless constants η p , η n characterize the strength of T-and P-odd potential for proton (neutron); they are connected to the parameters of the initial two-body interaction W P,T (1, 2) by the relations
where Z, N, and A are the nuclear charge, a neutron number and its mass number respectively.
The limits on these constants (η p , η n ) were obtained from the atomic [24] and molecular [25] electric dipole moment measurements. Being a single-particle operator, the T-,P-odd weak potential w T,P obeys the same selection rules as the P-odd, T-even weak potential w P :
The values of the matrix elements of the P-,T-odd weak potential (3) between single-particle nuclear states calculated for 209 P b are presented in Tables I,II 
with f (r) = (1 + exp((r − R)/a)) −1 . Here, l is the orbital angular momentum, U c means Coulomb correction for protons, U c = 3Ze
for R, a, and r being the nuclear radius, diffusity parameter and radial variable correspondingly. The parameter values were used in accordance with Bohr-Mottelson formulas (see Ref.
[28]) for the case of 233 T h: they are close to those established for heavy nuclei like lead (Ref. [29] ) to reproduce single-particle properties.
As it is seen from Tables I,II, the single-particle T-,P-odd matrix elements (column 5) are numerically suppressed (by about order of magnitude) as compared to the matrix elements of P-odd, T-even potentialŵ
{(σp)ρ + ρ(σp)} that arises from the corresponding two-body interaction [21] 
in the same way as the P-,T-odd potential. The differnce between these two cases is due to surficial character of the potential (3) that is proportional to the nuclear density derivative and peaked at nuclear surface. As average, the mixing of the single-particle states of opposite parity due to potential (3) that give rise to nuclear T-,P-odd nuclear moments (see [22] , [23] )
Due to the selection rules (5), the following considerations, analogous to those in the case of P-odd, T-even weak interaction, take place here. It is well known [30] , [31] that doublets of single-particle states with the same total angular momentum, but of opposite parity usually do not appear in the same spherical nuclear shell. Thence, the energy separation between levels in such doublets is about 5...8MeV , the average energy distance between different shells. Thus, the coherent single-particle P-,T-odd contribution (3) does not work effectively in mixing of any excited nuclear states (including the compound states) with the energies below S n ...4÷6MeV , the neutron separation energy, because the many-particle wave functions in this energy region are dominated by nucleon excitations within the valence shells [28] . Therefore, the main P-odd effects in this energy region are to be determined by the purely two-particle "residue", :Ŵ (1, 2) : of the weak interactionŴ (1, 2), given by the difference
which does not contain coherent summation in contrast to (3).
We consider first the case with the strong interaction V S being "switched off". Technically, it is convenient to include the corrections caused by the T,P-odd potential (5) into the singleparticle wave functions using unitary transformation. As is known from Refs. [22] , [23] , in the simple model with the strong potential U(r) being proportional to the nuclear density ρ (ρ(r) = ρ(0)U(r)/U(0)), it is easy to find the result of the action of the perturbationŵ(1)
where ψ 0 is the unperturbed wave function, and τ z = −1(+1) is isospin projection for proton(neutron). To get this solution, one should also neglect spin-orbit interactions. Accordingly, the matrix elements of any operator O, including the Hamiltonian, can be calculated by using the unperturbed wave functions ψ 0 and the transformed operatorÕ:
where eα ≡ e iθ( σ ∇) is the operator of the corresponding unitary transformation with the single-particle anti-Hermitianα. This transformation compensates the single-particle P-,Todd potential in the Hamiltonian eαHe −α . The effect of this potential is now included into the renormalized operatorsÕ rather than the wave functionsψ.
III. RENORMALIZATION OF THE P-,T-ODD EFFECTS DUE TO RESIDUAL STRONG INTERACTION
To take the strong interaction V S into account, let us seek now for an operator eÂ which should play the same role as eα above, but will incorporate the renormalization effects due to the residual strong interaction V S . Eventually, as we will see below the operatorÂ differs fromα mainly due to the renormalization of the weak interaction constant by the residual strong interaction V S . The transformed Hamiltonian looks like:
where we have used the decomposition (4) and neglected all terms above the first order in the weak interaction. To obtain the effective two-particle P,T-odd interaction acting in the valence shells we should find the operatorÂ in such a way that the single-particle P,T-odd contribution in eÂHe −Â will be compensated. The last term in (6) is a two-body operator.
We employ the same decomposition, as in (4):
, where the first single-particle term is the average over the paired nucleons, and the second one, : [Â, V S ] :, which yields zero under such averaging, is the effective induced two-particle interaction which we are seeking for:
Now we choose the operatorÂ in such a way that the "compensation equation"
is fulfilled. After that, the transformed Hamiltonian (11) takes the form
where P-,T-odd single-particle terms are canceled. The sources of symmetry violations presented in Eq. (16) can be classified as follows:
(i) the term [Â, F ] that gives a direct contribution of the symmetry violating potential
to the matrix elements of an external field
(ii) The two-body residual weak interaction : W P,T : ;
(iii) W P,T IT P N CI , which play the same role as : W P,T :. We note that the induced P-,T-odd interaction W P,T IT P N CI is not enhanced in comparison with the two-particle residual P-,T-odd interaction : W P,T :, contrary to the case of P-odd, T-even interaction that turns out to be enhanced by ∼ A 1/3 times (see [10] ).
The effects of renormalization of P-odd, T-even interaction were considered in details in
Ref. [10] ; below, we focus our attention on the T-,P-odd interaction.
IV. EXPLICIT FORM OF THE RESULTING TWO-PARTICLE T-,P-ODD INTERACTION
To solve the equation (8) and find an explicit form of the ITPNCI we use the LandauMigdal interaction [32] , [33] , [29] . It is the most widely used particle-hole interaction of contact type with spin-and isospin-exchange terms which goes backwards to Landau Fermi liquid theory (Ref. [32] ); for the case of a nucleus it was established in the Theory of Finite Fermi Systems [33, 29, 34] by summation of all graphs irreducible in the particle-hole direction.
This interaction can be written explicitly as follows
where C = π 2 p F m = 300 MeV ×f m 3 is the universal Migdal constant [33, 29, 34] and the strengths f, f ′ , g, g ′ are in fact functions of r via density dependence:
(Quantities subscripted by "in" and "ex" characterize interaction strengths in the depth of the nucleus and on its surface, respectively). With its parameter values listed below, this interaction has been successfully used by many authors (see Refs. [29] ) to quantitatively describe many properties of heavy nuclei.
The conventional choice of the constants widely used for heavy nuclei is (see [33, 29, 34] ):
.575, and g
It can be seen that, in the same approximation of constant density as used above, the operatorÂ is proportional toα:Â = iθ( σ ∇). Evaluating the commutator in (13,14) , we
Contrary to the case of P-odd, T-even weak interaction [9] , [10] , averaging over the core nucleons here yields nonzero result
and, consequently, gives a nonzero contribution to the "compensation equation" (14) . Taking together the terms with the same operator structures, we obtain from (14) and (17) equations
which is equivalent to a system of two linear algebraic equation relating new (renormalized) interaction strengthsη 1,2 with their initial values η 12 (without strong interaction). The solutions for this system of equations for the constants are the following: 
where p F is a Fermi momentum, B n is a nucleon separation energy. The renormalized matrix elements of the T-,P-odd weak potential for 209 P b are presented in the last column of Tables   1,2 . It is seen that the strong residual interaction reduces the values of the T-,P-odd potential constants 1.5...2 times, as average.
To this end, from (15) with account for (17) we obtain the resulting purely two-body T-,P-odd weak interaction in a nucleus that can be written as following:
where the constants η 1 , η 2 are given by Eq. (19) . We used here the fact that spin constant of the strong interaction (16) does not depend on r, while the constants
It should be noted that the induced T-,P-odd interaction W T P IT P N CI has the same operator structure as the initial two-body T-,P-odd interaction W T P . Thus, W T P IT P N CI differs from W T P only due to renormalization of strength constants which turns out to be weak, because response of the nucleus to the T-and P-odd potential (4) as a function of the interaction constants has poles (D = 0) at g =C −1 ≃ −1 and g ′ ≃C −1 ≃ −1 (for N ≃ Z), while the actual nuclear strong interaction "drives" the solution of the renormalization equations (18) to the direction opposite to poles. As a result, induced T-,P-odd interaction does not play especial role in the present case and causes renormalization of order 1 ÷ 2. Thus there is essential difference with the case of the P-odd, T-even weak interaction [10] where the analogous induced P-odd interaction is enhanced by abou A 1/3 times and practically dominates the results.
In practical calculations, it is convenient to treat W T P ef f in the secondly quantized version using multipole expansion in the particle-hole channel:
where (...) J means the coupling of nucleon creators a † and destructors a to a given angular momentum J [28] . The numerical results for some reduced matrix elements of W T P,J ef f as compared to those of the initial interaction : W T P,J : between valence shell states for Th-U region are presented in the Table 3 .
V. T-,P-ODD MATRIX ELEMENTS BETWEEN COMPOUND STATES
In the work (Ref. [8] ) we have introduced a method to calculate Mean Squared Matrix Elements (MSME) of operators between compound states and have obtained the results for P-odd, T-even weak interaction. Here, we apply this method to calculation of MSME of P-,T-odd interaction. Consider the mean squared value of this matrix element:
W P,T 2 = (p|W P,T |s)(s|W P,T |p) = (p| : W P,T : +W P,T IT P N CI |s)(s| : W P,T : +W
We can expand now the compound states |C Jπ ) = |s), |p) in terms of their simple components (multiparticle excitations) |α Jπ > of the same quantum numbers of angular momentum J and parity π,
having for the MSME the expression
IT P N CI |α >< β| : W P,T : +W
The number of different terms in the Eq. (22) , N , is very large ∼ 10 5 ÷ 10 7 . The main contribution in Eq. (22) is dominated by the set ofN "principal components" |ᾱ > with shellmodel energies Eᾱ close to the energy of a compound state E. We can make use of the statistical independence of the coefficients C α to take their second moments in the form (Ref.
[28], [35] ):
Bar means the averaging over a rather broad set of the compound states. Here, the spreading width Γ spr is related to the number of principal components N −1/2 ≃ 2d πΓspr and d is the average energy distance between the resonances. The Breit-Wigner-type factor ∆, describing cutting off of weights before states distanced in energy,
may be treated as a "spread" δ-function. It is normalized as to be of order unity for |E −E α | ≤ Γ spr /2 and with conventional limit ∆( (25) reflects "chaotic" nature of a broad mixture of the simple components in the compound state due to the strong interaction. For the small (energy distanced) components it reduces to the perturbation theory result. From (23)- (25), we obtain for the MSME
The argument of the function ∆ here is the change of the energy: 5), i.e. the problem is reduced to the calculation of (p|W P,T W P,T |p). The coefficients before the "principal" componentsC α in (22) are governed by the microcanonical ensemble rule [28, 35] . Then, to calculate the averaging over p-resonance "principal" components (p|...|p) in W P,T 2 , we use, instead of the present microcanonical ensemble, an equivalent canonical one. The latter can always be introduced for a system with a large number degrees of freedom by introducing the effective nuclear temperature T and chemical potentials λ n , λ p . In the second quantization representation, the average expectation value in (26) is reduced to a canonical ensemble average with the standard contractor rules (p|a + b|p) = δ ab ν By means of the same considerations, we obtain the following result for W P,T 2 :
Here, ∆(Γ spr , ε a − ε b + ε c − ε d ) can be viewed as an approximate energy conservation law with the accuracy up to width of states.
The numerical calculations for 233 Th have been performed with the use of single-particle basis of states obtained by numerically (see Sec.II, Eq. (7) and below).
The value of temperature T = 0.6MeV was used in accordance to the consistency condition for excitation energy. The result for the mean squared matrix elements of T-,P-odd interaction between compound states is
The ratio of the P,T-odd matrix elements to the P-odd ones is
Here, we use equal values of constants η 12 in (2), η 12 = η 0 . The corresponding mixing coefficient for compound states |F sp | is
that is about 10 3 times larger than single-particle mixing f 12 ≃ 10 −8 η 0 (Eq. (8)). We assumed in this estimate that |E s −E p | = D s where D s is the average energy interval between compound resonances in s-wave.
VI. CORRELATIONS BETWEEN T-,P-ODD AND P-ODD, T-EVEN MATRIX IN COMPOUND STATES
The question on possible correlations between matrix elements of P-,T-odd weak interaction and those of P-odd, T-even weak interaction is very interesting. Knowing the correlator C(W P , W P,T ) = (p|W P |s)(p|W P,T |s)
(0 < |C(W P , W P,T )| < 1), one can make predictive estimates on the values and signs of the P-,T-odd effects in compound states basing on the information about the corresponding quantities for P-odd effects (the latter are much easier to be measured) in the case when the quantity C(W P , W P,T ) differs considerably from zero. C(W P , W P,T ) can be calculated, in principle, by the same technique [8] as mean squared matrix element [36] . We can employ for the calculation of the numerator of Eq.(29) c(W P , W P,T ) = (p|W P |s)(p|W P,T |s) the method of reducing to averaging over the ensemble c(W P , W P,T ) = (p|W P |s)(s|W P,T |p) = (p|W P IP N CI |s)(s| : W P,T : +W
However, in this case more careful treatment is needed. The present thermodynamical approach makes no difference between the cases when "external" averaging (canonical) goes over p-states either s-states provided the mean squared matrix elements are not very sufficient to change (p|W P |s)(s|W P |p) → (s|W P |p)(p|W P |s). The latter is not the case for the quantity c(W P , W P,T ). The reason is that the matrix elements of P-odd weak operator W P are imaginary and change sign when substituting final states instead of initial states. On the contrary, the matrix elements of P-,T-odd weak operator W P,T are real and symmetric under such substitution. Two-body matrix elements of W P and W P,T obey the following symmetry rules respectively:
As a result, we have some cancellations of the different terms in the sum of the products
Thus, a symmetrization should be done when the quantityC(W P , W P,T ) is calculated by the present method of reduction to the ensemble averaging: 
As a result of symmetrization and the negative sign before the second term in the last line, some cancellations of similar terms in the large sum of the same type as in Eq. (23) are possible.
From the last equation, it is seen that we can not pretend to obtain the correct sign of the correlator within present statistical method, because the compound states of positive and negative parity are treated on the same footing. Without having an additional information about occupancies of particular single-particle levels with a given total angular momentum and parity, only absolute valu of the correlator can be estimated.
After evaluation of commutator in Eq. (30) and thermal averaging we obtain the following expression for the numerator in (32)
Using this result and equations (24), (25,(26) we obtain, for the same value of temperature and the same single-particle basis as in the calculations of mean squared matrix elements, the following absolute value of the correlator (26) for the 233 T h:
It means that correlations in matrix elements are weak. Of course, the present statistical calculation is estimative, and to obtain more definite result for correlator more refined technique is needed.
VII. SUMMARY
To conclude, we have considered the T-,P-odd nucleon interaction in heavy nuclei. Effects of the renormalization of this interaction are considered. An effective two-body T,P-odd interaction acting near the Fermi surface is obtained and its matrix elements are calculated.
This interaction accumulates the effects of the distant states admixtures. We obtained the results for means squared values of T-and P-violating interaction between compound states of opposite parity. As well as in the case of P-odd, T-even weak interaction, statistical enhancement of T-,P-odd effects in neutron resonances take place. The enhancement is about 10 3 times for the mixing between compound states of opposite parity as compared to the single-particle mixing.
Correlations between matrix elements of T-,P-odd and P-odd, T-even interactions in compound states are found to be weak within the statistical model.
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